The concept of cancer stem-like cells (CSCs) has gained considerable attention in various solid tumors including glioblastoma, the most common primary brain tumor. This sub-population of tumor cells has been intensively investigated and their role in therapy resistance as well as tumor recurrence has been demonstrated. In that respect, development of therapeutic strategies that target CSCs (and possibly also the tumor bulk) appears a promising approach in patients suffering from primary brain tumors. In the present study, we utilized RNA interference (RNAi) to screen the complete human kinome and phosphatome (682 and 180 targets, respectively) in order to identify genes and pathways relevant for the survival of brain CSCs and thereby potential therapeutical targets for glioblastoma. We report of 46 putative candidates including known survival-related kinases and phosphatases. Interestingly, a number of genes identified are involved in metabolism, especially glycolysis, such as PDK1 and PKM2 and, most prominently PFKFB4. In vitro studies confirmed an essential role of PFKFB4 in the maintenance of brain CSCs. Furthermore, high PFKFB4 expression was associated with shorter survival of primary glioblastoma patients. Our findings support the importance of the glycolytic pathway in the maintenance of malignant glioma cells and brain CSCs and imply tumor metabolism as a promising therapeutic target in glioblastoma.
Introduction
Glioblastoma is the most common and most malignant primary brain tumor in adults. Despite multimodal aggressive treatment, comprising surgical resection, local radiation therapy and systemic chemotherapy, the average patient survival time is still in the range of 1 year after diagnosis (Stupp et al., 2007) . Several recent studies suggested a hierarchical cellular organization in glioblastomas, which consist of heterogeneous cell populations that differ in their tumorigenic potential. Indeed, it is believed that gliomas are initiated and maintained by a small sub-population of cells that is capable of extensive self-renewal and recapitulation of the original tumor in nonobese diabetic/severe combined immunodeficient mice (Singh et al., 2003; Lee et al., 2006; Vescovi et al., 2006) . These so-called brain cancer stem-like cells (CSCs) have been implicated not only in tumor initiation, but also in therapy resistance and tumor recurrence. It was shown that brain CSCs are enriched in recurrent malignant gliomas and are resistant to chemo-and radiotherapy (Bao et al., 2006; Eramo et al., 2006; Liu et al., 2006; Al-Hajj, 2007) .
Given their central role, it has appeared that therapeutically targeting this particular population of cells is crucial for successful glioblastoma treatment (Reya et al., 2001; Pardal et al., 2003; Park et al., 2009) . One possible direction is to uncover the mechanisms, by which brain CSCs escape apoptosis, and ultimately provide knowledge for the development of drug therapeutics targeting the involved genes and pathways.
Kinases and phosphatases control the reversible process of phosphorylation, which is involved in each intracellular pathway, including cell survival signalling. Therefore, identification of the kinases and phosphatases whose inhibition induces the death of brain CSCs may pave the way toward novel therapeutic targets. In this study, we performed a loss-of-function screen using a lentiviral short-hairpin RNA (shRNA) library representing the entire human kinome and phosphatome, and identified 46 candidates that are essential for the survival of brain CSCs in vitro. These candidates included key regulators of the glycolytic pathway, underlining the central role of metabolism for the survival of brain CSCs. One of the glycolysis-associated candidate genes, PFKFB4, was functionally characterized in brain CSCs in vitro, and the importance of lactate and adenosine triphosphate (ATP) production for the survival of brain CSCs was assessed.
Results
Kinome and phosphatome RNA interference (RNAi) screen to induce brain CSC death Lentiviral short-hairpin libraries were used recently to conduct loss-of-function screens in mammalian cell lines and turned out to be particularly useful in slowly dividing cells (Wurdak et al., 2010) . We performed a large-scale silencing screen in vitro to identify kinases and phosphatases that are essential for the survival of brain CSCs. We transduced NCH421k, whose stem-like cell properties have been previously characterized (Campos et al., 2010) , with a lentiviral vector-based shRNA library that targets each of the 682 and 180 known and putative kinases and phosphatases, respectively (average of 4.5 shRNAs per target, The RNAi Consortium, Broad Institute from MIT and Harvard, MA). Viral stocks were produced in a 96-well plate format and used at a sufficient titer to transduce brain CSCs.
In order to assess the efficiency of the viral transduction, cells transduced with lentiviral particles produced from a control plasmid encoding green fluorescent protein (GFP) were included in each plate. Viral transduction was efficient as indicated by 70-90% GFP-expressing cells. As positive control for the cell death phenotype, brain CSCs were transduced with a specific shRNA targeting BCL2. After 6 days, cell death was measured by propidium iodide staining and fluorescence-activated cell sorting (FACS). In the screen, we considered only those genes as positive hits whose median over all shRNAs targeting this gene showed an increased level of cell death of X1.5-fold (median of all shRNAs plus 2.5-fold median absolute deviation) relative to that of the control (scrambled) shRNA. Overall, 39 kinases and 7 phosphatases fulfilled this criterion (Figure 1 and Tables 1 and 2 ) and were defined as survival genes. Moreover, each of these genes was targeted by at least two shRNAs that showed a fold increase of cell death rate X1.5-fold.
Validation of survival genes
Next, we generated a focused library comprising the top 10 candidates from the first screen, each represented by 2 to 3 independent shRNAs that gave the highest rate of cell death. To ensure that the differences observed were not caused by 'off-target' shRNA effects, we verified the level of silencing of each shRNA by quantitative realtime reverse transcription-PCR (qRT-PCR). Of these top 10 genes, 9 were represented by at least two independent shRNAs that decreased their target mRNA transcript levels by 2-to 10-fold, suggesting that the observed phenotype was because of the silencing of the NCH421k cells were seeded in 96-well plates and transduced with shRNAs directed against all known and putative kinases and phosphatases in the human genome. Cells were incubated for 6 days to allow target knockdown and cell death was measured by PI staining and analyzed by FACS. The graph depicts the median fold change of cell death for all kinases and phosphatases normalized to control shRNA. The genes whose loss of function increased cell death by 41.5-fold were considered as positive hits. The red line represents the median of all shRNAs plus 2.5-fold median absolute deviation (MAD). Figure S1A) . Only silencing of NTRK1 was not confirmed, as its basal level of expression in NCH421k was too low to be measured by qRT-PCR. Thus, its detection in our screen was most probably because of an 'off-target' effect.
We performed a validation screen on two additional brain CSC cultures (NCH441 and NCH644), as well as one normal neural stem cell (NSC) line (BLV4), monitoring the activation of caspases 3 and 7, as they are key mediators of apoptosis. Measurements were done 4, 5, 6 and 7 days after transduction in three independent experiments (Figure 2 and Supplementary  Figures S1B and S2) . The results confirmed that knockdown of each candidate gene resulted in a higher fold change of apoptosis when compared with scrambled shRNA. Moreover, as shown in Figure 2 , the silencing increased significantly the fold change of apoptosis of brain CSCs compared with normal NSCs (Student's t-test for ranked transformed data; Po0.05). However, shRNA-1 targeting PAK2 (Figure 2 ) and shRNA-2 specific for PRKCA (Supplementary Figure   S2) showed an increased fold change of apoptosis in all cell lines.
Gene expression of PFKFB4 is associated with glioblastoma prognosis To assess the clinical relevance of the validated candidates, we compared their mRNA expression among a series of astrocytic gliomas of different grades (WHO (World Health Organization) grades II, III and IV, including primary and secondary glioblastomas) using previously published microarray data (GSE15698510) (Toedt et al., 2011) . Remarkably, the mRNA expression of PFKFB4, whose gene product plays a key role in energy metabolism, significantly differentiated IDH1 wild-type primary glioblastomas from the secondary glioblastomas as well as diffuse and anaplastic astrocytomas, which mostly carried IDH1 gene mutations ( Figure 3a ). Moreover, primary glioblastoma patients whose tumors demonstrated PFKFB4 mRNA expression levels above average had a significantly (Po0.0001) shorter overall survival time than glioblastoma patients whose tumors displayed lower than average PFKFB4 expression ( Figure 3b ). We confirmed the results using the National Cancer Institute's REMBRANDT (Repository of Molecular Brain Neoplasia Data) database (http:// rembrandt.nci.nih.gov). Kaplan-Meier survival analysis revealed that increased PFKFB4 expression 43-fold compared with normal brain was associated with significantly reduced overall survival of glioblastoma patients (P ¼ 0.0201; Supplementary Figure S3A ). To test whether the prognostic value of PFKFB4 is independent of IDH1 mutation status in grade IV gliomas, we calculated Cox hazard models for the overall survival time considering death of disease only and censoring all other events. A model with PFKFB4 alone with n ¼ 39 showed a significant effect of PFKFB4 expression on survival (P ¼ 0.022). IDH1 alone showed no significant association with survival (n ¼ 68, P ¼ 0.95). In a model (n ¼ 39) stratified for IDH1, PFKFB4 was associated with survival (P ¼ 0.017). Proportional hazard assumption was fulfilled for all models.
Overexpression of PFKFB4 isozyme is cancer specific PFKFB4 is one of the four genes that encode 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFK2/ FBPase-2), and originally was found to be expressed in the testes (Sakata et al., 1991) . It is a bifunctional enzyme having both kinase and phosphatase functions, and plays a key role in energy metabolism by controlling glucose utilization.
To determine the cancer specificity of PFKFB4 expression, we compared its mRNA expression levels in the different brain CSC lines with that in a pool of normal brain samples. As shown in Figure 4a , qRT-PCR analysis demonstrated that brain CSCs have a PFKFB4 mRNA expression that is B10-fold higher when compared with that of adult normal brain tissue. This result was confirmed at the protein level ( Figure 4b ).
We next asked whether the overexpression of PFKFB4 was related to the expression of PFKFB3, Fold change of apoptosis Figure 2 Candidate genes identified induce apoptosis upon silencing. Verification of candidate gene knockdown-induced apoptosis as determined by caspase assays in three different brain CSC lines (NCH421k, NCH441 and NCH644) and in normal NSCs (BLV4). Apoptosis was measured 4, 5, 6 and 7 days after transduction. The time points that showed the highest caspase activity are shown. The fold change of apoptosis was normalized to negative control scrambled shRNA and is depicted as mean of independent biological triplicates for one shRNA (shRNA-1) per targeted gene. BCL2 shRNA was used as positive control. Error bars represent the s.d. of three independent biological replicates. Gene knockdown induced a significantly increased rate of apoptosis in brain CSCs when compared with normal NSCs (Po0.05), with the exception of PAK2 shRNA (P ¼ 0.59). Statistical significance was calculated using Student's t-test for ranked transformed data. Brain cancer stem-like cells require PFKFB4 for survival V Goidts et al another isozyme of PFK2 that is expressed in normal brain and overexpressed in numerous tumors (Manzano et al., 1998; Kessler and Eschrich, 2001; Atsumi et al., 2002; Gomez-Brouchet et al., 2007) . As depicted in Figure 3a , PFKFB3 showed a 1.3-fold higher mean mRNA expression level in primary glioblastomas relative to normal brain tissue and was not overexpressed in the other glioma groups investigated. Moreover, the level of PFKFB3 expression was not significantly related to overall survival of primary glioblastoma patients (P ¼ 0.518, data not shown). In contrast to PFKFB4, PFKFB3 mRNA expression was decreased in brain CSCs when compared with a pool of normal brain mRNAs ( Figure 4a ). It should be noted that, based on microarray data (Toedt et al., 2011) , no expression was observed for the PFKFB1 isoform and that PFKFB2 was equally expressed in the glioma and normal brain samples (Supplementary Figure S3B) .
Silencing of PFKFB4 suppresses viability of brain CSCs and inhibits lactate and ATP production To determine the effect of PFKFB4 knockdown on overall brain CSC population in vitro, transduction of NCH421k with PFKFB4 shRNA was performed in sixwell plates. The knockdown level was monitored by western blot analysis ( Figure 5a ) and cell death was assessed by propidium iodide (PI) staining and FACS. shRNA-2 induced 495% cell death, whereas shRNA-1 showed B50% PI-positive cells (Figures 5b and c) . Malignant glioma cells are known to be resilient to anaerobic conditions created by a hypoxic microenvironment, thanks to their potential to increase glycolysis and thereby production of lactic acid (Floridi et al., 1989) . This metabolic adaptation is mediated by changes in gene expression patterns triggered by the activation of hypoxia-inducible factor 1a (HIF-1a) (Lu et al., 2002) . Previous studies have highlighted the immediate targeting of PFKFB4 by HIF-1a (Minchenko et al., 2004) . Analysis of HIF-1a protein and mRNA expression on microarrays in brain CSCs and normal NSCs (Ernst et al., 2009) revealed a higher expression level in brain CSCs (Supplementary Figure S4A) . This observation was made regardless of the normoxic culture conditions, suggesting that glycolysis is increased despite the presence of oxygen, a phenomenon described as the Warburg effect (Lu et al., 2002) . To verify that silencing of PFKFB4 impairs metabolism and thereby induces apoptosis of brain CSCs, we measured the level of lactate and of ATP at 3 and 4 days after PFKFB4 knockdown with two independent shRNAs. Lactate secretion and ATP level was significantly reduced in anaplastic astrocytomas WHO grade III (AAIII, n ¼ 13), secondary glioblastoma WHO grade IV (sGBIV, n ¼ 10) and primary glioblastoma WHO grade IV (pGBIV, n ¼ 38) relative to the normal brain control tissue (n ¼ 4). Note that the median PFKFB3 and PFKFB4 mRNA expression levels are significantly higher in primary glioblastoma compared with the normal brain tissue samples and all other tumor groups (*Po0.02 and **Po0.002). (b) Kaplan-Meier analysis showing the association of PFKFB4 expression with overall survival of patients with IDH1 wild-type primary glioblastoma. Low-and high-expression groups were separated according to the mean expression value of all samples studied. The P-value was calculated applying the Mantel-Haenszel test (Po0.0001). Using a bootstrapping approach with 1000 draws, the P-value for differences in survival based on the expression of PFKFB4 was confirmed by reselecting the mean expression value. Brain cancer stem-like cells require PFKFB4 for survival V Goidts et al NCH421k, confirming that PFKFB4 silencing induces metabolic changes (Figures 6a and b) . As shown previously, inhibition of glycolysis induces the activation/phosphorylation of the adenosine monophosphate (AMP)-activated protein kinase (AMPK), which inhibits the mTOR (mammalian target of rapamycin) pathway and therefore sensitizes tumor cells to death receptorinduced apoptosis (Pradelli et al., 2010) . This activation is mainly due to a loss of balance between AMP and ATP content because of a drop of the ATP level. As shown by western blot analysis in Figure 6c , silencing of PFKFB4 with shRNA-1 induces the phosphorylation of AMP kinase. This phenomenon could not be demonstrated when using shRNA-2, most likely because of the high apoptosis rate induced by shRNA-2. To determine whether the mTOR pathway has a relevant role in brain CSC survival, we treated NCH421k cells with rapamycin at different concentrations. Cell viability was assessed by MTS assay 3 days after treatment. The 20-40% decrease of cell viability upon rapamycin treatment suggests a potential role of mTOR in the survival of brain CSCs (Supplementary Figure S4B) .
Discussion
Several reports have provided evidence that glioblastomas are cellularly heterogeneous tumors containing the so-called brain CSCs that show stem-like features in vitro and give rise to tumor development when xenotransplanted in immunocompromised mice. Furthermore, brain CSCs have been implicated in the resistance of glioblastomas to chemo-and radiotherapy, which emphasizes the importance to target these cells to achieve a more effective therapy (Bao et al., 2006; Eramo et al., 2006; Liu et al., 2006; Al-Hajj, 2007) . In this respect, an appealing treatment approach would be to specifically target proteins encoded by the genes that are essential for the survival of brain CSCs. In this study, we performed a kinome-and phosphatome-wide loss-of-function screen in order to identify genes whose silencing induces apoptosis in brain CSCs. Our results indicate that B5% of the kinome and phosphatome is required for the survival of brain CSCs. However, false-positive and false-negative results due to technical pitfalls inherent in large-scale screening cannot be excluded. As expected, known survival kinases and phosphatases, such as SPHK1, FLT1 and SGK1 (Kasahara et al., 2000; Brunet et al., 2001; GomezBrouchet et al., 2007) , were identified, as well as DUSP13, CHEK2, ADRBK1, MAP3K1, PPM1B and PRKCA, reported as survival genes in previous screens (MacKeigan et al., 2005; Giroux et al., 2006) . This reflects the robustness of our screening settings.
Interestingly, each gene knockdown that was validated in the secondary screen demonstrated a similar phenotype in the three independent brain CSC lines evaluated, but at variable levels, which might be explained by the heterogeneity existing between patient samples. Nonetheless, the phenotype obtained after Brain cancer stem-like cells require PFKFB4 for survival V Goidts et al silencing, which was observed in each of the brain CSC lines tested, and was specific to the tumor cells, as indicated by the comparison with normal NSCs, is of great interest for further characterization and ultimately therapeutics development. Among the putative kinases and phosphatases that we identified as relevant for brain CSC survival, several are known to be activated by HIF proteins and thereby regulated by the hypoxic microenvironment of the tumor. Indeed, FLT1 (Fms-related tyrosine kinase 1), the vascular endothelial growth factor receptor 1, is regulated by HIF proteins and plays a key role in vascular development (Okuyama et al., 2006) . Increased FLT1 expression has been shown in various types of carcinomas, glioblastoma, multiple myeloma and nephroblastoma (Fischer et al., 2008) . In addition, our approach highlighted three other kinases, namely PFKFB4, the pyruvate dehydrogenase kinase 1 (PDK1) and the M2 splice isoform of pyruvate kinase (PKM2), which are direct targets of HIF proteins (Kress et al., 1998; Minchenko et al., 2004; Wigfield et al., 2008 ). This response to low level of oxygen is particularly important in solid tumors, such as malignant gliomas, that are characterized by aberrant neovascularization and poor oxygen diffusion. Most importantly, recent studies have shown that hypoxia also influences the survival and the proliferation of brain CSCs within the tumor and promotes reprogramming toward a stemlike phenotype (Keith and Simon, 2007; Heddleston et al., 2009; Soeda et al., 2009) . Another important common feature of these three kinases is their involvement in the glycolytic pathway. Indeed, PKM2 has been reported to be overexpressed in tumor tissue and to be advantageous for tumor cell growth. It is required for aerobic glycolysis and catalyzes the last step by dephosphorylating phosphoenolpyruvate to pyruvate, which leads to a net production of ATP (Christofk et al., 2008) .
PDK1 is another important gene whose gene product has an effect on pyruvate metabolism and is responsible for phosphorylation and concomitant inactivation of pyruvate dehydrogenase (PDH). Its expression has been shown to be associated with poor prognosis in head and neck squamous cell carcinoma (Wigfield et al., 2008) . Suppression of PDH by PDK1 inhibits the conversion of pyruvate to acetyl-CoA, thereby attenuating mitochondrial function and increasing the production of lactate. Recently, dichloroacetate (DCA), an inhibitor of PDK1, has been shown to induce apoptosis in vitro, thus confirming the phenotype we observed after knockdown of PDK1 in brain CSCs (Wigfield et al., 2008; Michelakis et al., 2010) .
The third kinase that has elicited a strong cell death phenotype after silencing in brain CSCs was PFKFB4, which encodes the bifunctional enzyme PFK2/FBPase-2 (6-phosphofructo-2 kinase/fructose-2,6-biphosphatase (PFKFB1-4) ). This enzyme modulates the intracellular concentration of the allosteric glycolytic activator, fructose-2,6-biphosphate (F2,6BP), which is a key regulator of glycolysis (Yalcin et al., 2009) . It has been originally identified in the testes and shown to be highly expressed in both colon and breast cancers (Minchenko et al., 2004; Gomez et al., 2005) . The homologous PFKFB3 encodes an inducible form of PFK2/FBPase-2 that is ubiquitously expressed in many normal tissues, such as brain and liver, and overexpressed in different cancers (Manzano et al., 1998; Kessler and Eschrich, 2001; Atsumi et al., 2002) . Both PFKFB3 and PFKFB4 are induced by hypoxia in various tumors. Interestingly, primary glioblastomas showed a significant higher expression of PFKFB3 and PFKFB4 when compared with secondary glioblastomas as well as with the lower- Lactate and ATP contents were measured using a lactate assay and an ATP assay, respectively, 3 and 4 days after transduction with scrambled shRNA, shRNA specific for BCL2 and shRNA-1 and -2 targeting PFKFB4. Results are depicted as mean of biological triplicates. Data were normalized to 20 000 living cells and are shown as percentage to the lactate content after transduction with scrambled shRNA. shRNA targeting BCL2 was used as an additional negative control, ensuring that the effect observed was not due to apoptosis initiation. Error bars represent the minimum and the maximum values of the biological triplicates (*P ¼ 0.06, **P ¼ 0.01). (c) NCH421k cells were transduced with scrambled shRNA (Ctl) and shRNA-1 and -2 targeting PFKFB4. Total AMPK and phosphorylation of AMPK on Thr 172 were assessed by western blot analysis 5 days after transduction. a-Tubulin antibody was used as loading control.
Brain cancer stem-like cells require PFKFB4 for survival V Goidts et al grade astocytomas. Furthermore, high expression levels of PFKFB4 correlated with poor survival in primary glioblastoma patients, whereas PFKFB3 expression was not related to the clinical outcome of these patients. In addition, mRNA expression of both PFKFBs showed an opposite pattern in brain CSCs, in which PFKFB4 was overexpressed whereas PFKFB3 was downregulated when compared with normal brain tissue. These findings suggest that PFKFB4 is the main PFK2/ FBPase-2 isozyme that regulates glycolytic flux in malignant glioma cells. This can be partly explained by the common loss of chromosome 10p in glioblastoma that contains the locus of PFKFB3. However, we cannot exclude that PFKFB3 plays a role in brain CSCs survival as suggested by its mRNA expression level in glioblastoma, but it is also required for normal brain tissue homeostasis, as shown by its expression in normal brain. Our results thus suggest PFKFB4 as a key molecule for the survival of brain CSCs. Moreover, its inhibition might affect not only brain CSCs, but also the tumor bulk, as implied by the expression level in glioblastoma. To test this hypothesis, brain CSCs should be treated with small-molecule inhibitors, such as 3PO, that bind the substrate binding site of PFKFBs (Clem et al., 2008) . Such studies were initiated but are hampered by the limited specificity of 3PO, as all four PFKFBs share a high homology in their substratebinding domain. Therefore, further efforts are necessary to develop inhibitors specifically targeting PFKB4. Silencing of PDK1 and PKM2 resulted in increased apoptosis of brain CSCs. Knockdown of PFKFB4 showed a downregulation of lactate and ATP production in brain CSCs and ultimately induced apoptosis possibly by the phosphorylation/activation of AMPK because of the higher ratio of AMP/ATP. The identification of glycolytic kinases in our screen reflects the importance of the Warburg effect by liberating the cells from oxygen dependence for ATP production. This adaptation to the tumor microenvironment has been shown to confer a survival advantage to cancer cells (Hsu and Sabatini, 2008) . Our findings highlight the importance of the lactate and ATP production in the maintenance of brain CSCs in the tumor microenvironment and support a promise for therapies that target proteins involved in the regulation of tumor metabolism.
Materials and methods

Glioma patients
See Supplementary Materials and methods.
Cell culture
The investigated three brain CSC lines, NCH421k, NCH441 and NCH644, were established from primary glioblastoma patients undergoing surgical resection according to the research proposals approved by the institutional review board at the Medical Faculty, University of Heidelberg. The brain CSC lines were characterized genotypically and phenotypically in a previous study (Campos et al., 2010 ). An adult human neural stem cell line (BLV4) was originally cultivated from intraoperative ventricular tissue after informed consent was given for the scientific use of anonymized samples and after approval by the ethics committee of the Neurosurgery Department/Charite´, University Hospital Berlin, Germany (registration number 125/2001). The normal genotype was verified at passage 10 (data not shown).
All cell lines were cultivated at 37 1C in a humidified incubator with 5% CO 2 as floating aggregates, the so-called neurospheres on uncoated tissue culture dishes. Brain CSC medium consisted of Dulbecco's modified Eagle's medium/ F-12 medium containing 20% BIT serum-free supplement, basic fibroblast growth factor and epidermal growth factor at a concentration of 20 ng/ml each (all from Provitro, Berlin, Germany). Normal NSCs were maintained in Dulbecco's modified Eagle's medium/F-12 medium supplemented with serum-free B27 (Life Technologies, Darmstadt, Germany), 1 M HEPES (Gibco, Darmstadt, Germany), basic fibroblast growth factor and epidermal growth factor (20 ng/ml each).
High-throughput lentivirus production and transduction
The Mission RNAi library was purchased from Sigma-Aldrich (St Louis, MO, USA). High-quality DNA preparations were obtained using a large-scale plasmid purification kit (Qiagen, Hilden, Germany and Roche, Mannheim, Germany). The lentivirus particles were produced in a 96-well format according to the TRC (The RNAi Consortium) protocol. Briefly, 293T packaging cells were co-transfected with the pLKO.1 vector encoding the shRNA, as well as the necessary helper plasmids for virus production (psPAX2 and pMGD2), using Trans-IT (Mirus, Madison, WI, USA). The titer was measured using lentiviral particles that contained the pLKO.1 vector expressing GFP and ranged from 3 Â 10 6 to 5 Â 10 6 IU/ ml. Before transduction, cultured spheres were dissociated with trypsin or accutase treatment. For cell death analysis, NCH421k cells were seeded in 96-well plates at 20 000 cells per well in a final volume of 100 ml and transduced at a multiplicity of infection (MOI) of 5 in the presence of 8 mg/ml polybrene. At 24 h after transduction, medium was replaced with fresh brain CSC medium. Cells were analyzed 6 days after viral transduction using PI staining and a flow-cytometer equipped with a high-throughput sampler. Our experimental settings ensured a maximal efficiency, but resulted in some transduction-and readout-associated cytotoxicity and an average of cell survival of 70.15% for all 3838 shRNAs (s.d. ± 10.25%) and of 26.24% in wells containing scrambled shRNAs (n ¼ 768; s.d.±11.38%).
To minimize potential artifacts due to position effects, the rows 1 and 12 were not used. In addition, a plate that contained a scrambled shRNA in each well was included and normalization was performed by matching the cell death rate to the corresponding well from that control plate. The production of single shRNAs was performed in 6-cm petri dishes. After 72 h, produced lentiviruses were concentrated by ultracentrifugation of the HEK293T supernatant. Transductions were performed at the MOI of 5 with 8 mg/ml polybrene for brain CSCs, and at the MOI of 10 without polybrene for normal NSCs.
RNA extraction and qRT-PCR See Supplementary Materials and methods.
Gene expression analysis See Supplementary Materials and methods.
FACS and cell death analysis
Flow cytometry analysis was performed for NCH421k cells 6 days after shRNA transduction in 96-well cell culture plates. Cells were Brain cancer stem-like cells require PFKFB4 for survival V Goidts et al transferred onto a 96-well filter plate (Millipore, Bellerica, MA, USA), centrifuged, trypsinized and resuspended in 100 ml staining solution (phosphate-buffered saline, 1.5 mg/ml PI). Samples were analyzed using a flow cytometer equipped with a high-throughput sampler (FACSArray, BD Biosciences, San Jose, CA, USA). Validation of the cell death phenotype upon silencing of PFKFB4 with shRNA-1 (5 0 -CCTGTGGCATATGGTTGTA AA-3 0 ) and shRNA-2 (5 0 -GACGTGGTCAAGACCTACAA A-3 0 ) was performed in a six-well plate. Samples were run on a FACSCanto flow cytometer and analyzed with FACS Diva software (Becton Dickinson, San Jose, CA, USA).
Apoptosis and cell viability assays
To study apoptosis we used a caspase assay. Cells were seeded at 20 000 cells per 100 ml per well in 96-well clear plates and transduced with lentiviral shRNA. Caspase-3/7 activity was measured 4, 5, 6 and 7 days after transduction, using a homogeneous luminescent method (Caspase-Glo 3/7 Assay, Promega, Madison, WI, USA). Transduced cells were transferred to white/solid bottom assay plates and 100 ml of Caspase-Glo 3/7 reagent was added. Plates were incubated at room temperature for 1 h, and luminescence intensity determined using the luminometer MITHRAS plate reader (PerkinElmer, Shelton, CT, USA).
To assess brain CSC viability, the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)-based CellTiter 96 AQueous Assay (Promega) was used following the manufacturer's recommendations. All samples were assayed in three biological replicas. The 3PO (3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one) was kindly provided by Dr J Chesney (Louisville, KY, USA). Rapamycin InSolution was provided in dimethyl sulfoxide (Merck, Darmstadt, Germany).
Western blot analysis
Cell lysates were separated in 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The monoclonal mouse antibody against a-tubulin (Sigma-Aldrich) was used in a dilution of 1:2000, the polyclonal rabbit antibody against PFKFB4 (Sigma-Aldrich) in a dilution of 1:1000 and the monoclonal rabbit and mouse antibodies against phospho-AMPK (Thr 172 ) and total AMPK, respectively (Cell Signaling Technology, Danvers, MA, USA), in a dilution of 1:1000. Horseradish peroxidase-conjugated secondary antibodies (Abcam, Cambridge, UK) were used in a 1:5000 dilution before the chemiluminescent detection of bound antibodies (ECL plus kit; GE Healthcare, Little Chalfont, UK).
Lactate and ATP assays Brain CSCs were seeded at 2 Â 10 4 cells per 100 ml in 96-well plate and immediately transduced with lentiviruses at an MOI of 5. Lactate levels were measured 3 and 4 days later using a lactate colorimetric assay read at 570 nm according to the manufacturer's instructions (MBL International, Woburn, MA, USA). ATP levels were measured 3 and 4 days after silencing using the ATP luminometric determination kit according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Concentration was calculated based on a standard curve and normalized to the total number of living cells. The cell number was estimated by the MTS-based CellTiter 96 AQueous Assay (Promega) and calculated based on a standard curve.
Statistical analysis R 2.12 (http://www.r-project.org) was used for statistical analyses. The significance was calculated using Student's t-test assuming unequal variances. The fold changes in apoptotic rate were compared after rank transformation (Zimmerman and Zumbo, 1993) .
For the comparison of the Kaplan-Meier curves, the Mantel-Haenszel test was applied. Using a bootstrapping approach with 1000 draws, the P-value for differences in survival based on the expression of PFKFB4 was confirmed by reselecting the mean expression value and calculating the Mantel-Haenszel P-value. Multivariate analyses were performed calculating Cox hazard models.
